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CR spectrum at Ultra High Energies 

The observations on Earth are the 
result of the acceleration at the source 
(injection) and the propagation of 
particles in the background radiation 
(CMB & EBL) and possible 
intergalactic magnetic fields (IMF) 

! Spectrum 

! Chemical Composition  

! Anisotropy (astronomy?) 
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Phyisics at the end of the CR spectrum 

Protons (CMB) 
Pair production              p γ → p e+ e-!

  
Photopion production    p γ → p π0 → γ  !
(GZK-cutof)                           → n π+ → ν%

Nuclei (CMB+EBL) 
Pair production (CMB only)           A γ  →   A e+ e- !

  
Photodisintegration (CMB+EBL)  A γ → (Α-1) Ν   !

E<1020 eV 
 

cosmological distances  
adiabatic energy losses  

due to universe expansion 
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The HiReS analysis confirms the expected Greisen Zatzepin Kuzmin suppression 
for protons with E1/2=1019.73±0.07 eV in fairly good agreement with the theoretically 
predicted value E1/2=1019.72 eV. 

HiRes & Telescope Array 

The new Telescope Array 
results, in agreement with 
HiRes, show a suppression 
in the spectrum compatible  
with the GZK feature 
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Figure 12: The energy spectra multiplied by E3. The spectrum as determined from the Middle
Drum data is shown by the black boxes. The spectra of HiRes-1 (upward, green triangles)
and HiRes-2 (downward, magenta triangles) are shown for comparison. The three spectra are
in excellent agreement in both normalization and shape.
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HiRes and Telescope Array favor a 
proton dominated spectrum at E>1018 eV.   

Chemical Composition  

HiRes TA 
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Figure 4. The predicted pair-production dip in comparison with Akeno-AGASA, HiRes, Yakutsk and Telescope Array (MD and SD) data
[16]. All these experiments confirm the dip behavior with good accuracy, including also the data of Fly’s Eye [16] (not presented here).

denominator of Eq. (16) compensate or cancel each other,
the dip in terms of the modification factor is a less model
dependent physical quantity than the spectrum. In fact
the dip is determined mostly by the interaction of protons
with CMB photons and it depends mainly on the CMB
spectrum and the di↵erential cross-section of e+e� pair-
production. In particular it depends weakly on the spec-
tral index of the generation spectrum. In Fig. 3 curves are
plotted for 2.1  �

g

 3.0 with a step ��

g

= 0.1, and
uncertainties are seen as thickness of the curves.

Modification factors in Fig. 3 are presented for the case
of no cosmological evolution of the sources, which is usu-
ally described by a factor (1 + z)m up to zmax. The inclu-
sion of evolution may noticeably change the modification
factor, but in fact it allows to improve the agreement of
the dip with data due to additional free parameters m and
zmax (see Fig. 14 of Ref. [15]).

Thus, a remarkable property of the dip in terms of mod-
ification factor is its universality. The dimensionless mod-
ification factor ⌘(E) remains the same with various phys-
ical phenomena being included in calculations [15, 17]:
discreteness in the source distribution (distance between
sources may vary from 1 Mpc to 60 Mpc), di↵erent modes
of propagation (from rectilinear to di↵usive), local over-
density or deficit of sources, large-scale inhomogeneities in
the sources distribution, some regimes of cosmological evo-

lution of sources (most notably those observed for AGN)
and fluctuations in the interactions. The phenomenon
which modifies the dip significantly is the possible pres-
ence of more than 15% of nuclei in the primary radiation.
Therefore, the shape of the proton dip in terms of modifi-
cation factor is determined mostly by the interaction with
CMB.

Above the theoretical modification factor was discussed.
The observed modification factor, according to definition,
is given by ratio of the observed flux Jobs(E) and unmod-
ified spectrum Junm(E) / E

��g , defined up to normaliza-
tion as:

⌘obs / Jobs(E)/E��g
. (17)

Here �

g

is the exponent of the generation spectrum

Qgen(Eg

) / E

��g
g

in terms of initial proton energies E

g

.
Fig. 4 shows that both the pair production dip and the
beginning of the GZK cuto↵ up to energy 100 EeV are re-
liably confirmed by experimental data of Akeno-AGASA,
HiRes, Yakutsk and TA [16].

The comparison of the theoretical dip with observa-
tional data includes only two free parameters: exponent
of the power-law generation spectrum �

g

(the best fit cor-
responds to �

g

= 2.6 � 2.7) and the normalization con-
stant to fit the e+e�-production dip to the measured flux.
The number of energy bins in the di↵erent experiments is

8

Dip Model  

Berezinsky et al (2002) - RA et al.  (2007-2012) 

In the energy range 1018 - 5x1019 eV the spectrum  
behavior is a signature of the pair production process  
of UHE protons on the CMB radiation field. 

the protons footprint 



Galactic and ExtraGalactic HiRes-TA   

 RA, Blasi, Berezinsky (2013, in preparation) 
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"   The Galactic CR spectrum ends in the 
energy range 1017 eV, 1018 eV. 

"   2nd Knee appears naturally as the 
steepening energy corresponding to the 
transition from adiabatic to pair 
production energy losses E2K ≈ 1018 eV. 
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Figure 10. Elongation curve X
max

(E) for the dip model (left panel) and ankle model (right panel). The calculated elongation curves X
max

(E)
are shown by the solid lines for QGSJET01 [77] model of interaction, by dashed lines for QGSJET-II [78], and by dotted lines for SIBYLL
[84]. The data points are measurements of HiRes-Mia (filled triangles), HiRes (empty triangles) and PAO (filled boxes). The PAO data with
systematic errors, shown by the thin curves, are taken from [75]. Note, that the elongation curves are calculated using the theoretical curves
Xp

max

(E) and XFe

max

(E), valid for PAO data. For HiRes data the elongation curves are lower (not shown here) since they must be calculated
from curves ’iron’ and ’proton’ in the upper-left panel of Fig. 5. One may notice the great discrepancy of the ankle model with the data.

4.1. Ankle model

This is the traditional model based on the interpreta-
tion of the ankle as the spectrum feature where transition
occurs (see [22] - [29] for the recent works). In fact, this is
a very natural model since transition occurs because the
extragalactic component is very hard. This component is
assumed to have a pure proton composition with a flat gen-
eration spectrum Qextr.p / E

�2 valid for non-relativistic
shock acceleration. Energy losses modify the spectrum in-
significantly at E . 40 EeV. The beginning of the ankle
at E

a

⇠ (5 � 10) EeV corresponds to the energy where
fluxes of galactic and extragalactic CRs get equal. Thus,
galactic CR should be presented by an additional compo-
nent accelerated up to energy ⇠ 100 times higher than
the maximum energy in the Standard Model. To facilitate
the acceleration problem one should assume a heavy-nuclei
composition of the new component.

The transition at the ankle is illustrated by the right
panel of Fig. 9. The curve “extr.p” presents the calcu-
lated extragalactic flux of protons and the dash-dot line
gives the galactic CR spectrum. The latter is obtained
by subtracting the extragalactic component from the to-
tal observed flux following the procedure first suggested in
[85]. The observed dip in the spectrum may be explained
by the Hill-Schramm’s mechanism [18].

Another problem of the ankle model is the contradic-
tion with the measured average depth of EAS maximum,
Xmax(E), in the energy range (1�5) EeV. While all data,
including HiRes and PAO, show proton or light nuclei com-
position here, the ankle model needs a heavy galactic com-
ponent, and thus predicts too small Xmax(E) in contradic-
tion with observations (see the right panel of Fig. 10 and
right panel of Fig. 4 in [86]). This contradiction is found
also in [34]. Ankle at energy higher than 3 EeV contradicts
also the anisotropy calculated in [87].

4.2. Dip model

The dip model is based on the assumption that UHECR
at E & 1 EeV are mostly extragalactic protons. This
assumption is confirmed by the observation of the pair-
production dip in the energy range (1 � 40) EeV and
the beginning of the GZK cuto↵ in the energy range
(40� 100) EeV (see Fig. 4). Both features are signatures
of a proton dominated spectrum. As discussed above the
shape of the dip allows an admixture of light nuclei, though
not more than 15%. The transition from galactic to extra-
galactic CRs occurs as the intersection at Etr ⇠ 0.5 EeV
of the steep galactic component (dashed line in the left
panel of Fig. 9) with the flat extragalactic proton compo-
nent shown by ’extr.p’ curve (this curve looks as falling
down since the spectrum is multiplied by E

2.5). The
flatness of the extragalactic spectrum is provided by the
distribution of sources over maximum acceleration energy
n

s

(Emax) / E

��

max (see below) or, in the case of di↵usive
propagation, by the ’magnetic flattening’ [17, 88, 89]. The
transition is completed at energy E

b

⇡ 1 EeV, i.e. it occurs
at a visible feature in the CR spectrum known as ’second
knee’, at energy between Etr and E

b

in the left panel of
Fig. 9.

The basic features of the dip model are as follows [14,
15, 17]:

• The primary flux is strongly proton-dominated.

• Sources are e.g. AGN [90] with a neutron based mech-
anism of particle escape [91, 92] which provides a pure
proton generation spectrum. Another case of a pro-
ton enhancement at relativistic shock acceleration is
given in [17].

• To reproduce the observed shape of the dip, the gen-
eration index in models without evolution has to be
�

g

= 2.6�2.7. This is the index for the generation rate
per unit of co-moving volume Q(E) / E

��g . Such a
steep spectrum can be obtained in the case of a usual

13

Dip Model 
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Figure 1: The resolution ofXmax obtained using events recorded
simultaneously from two FD stations, compared to a detailed
Monte Carlo simulation.

face Detector (SD) has 1660 water detector stations ar-
ranged in a 1.5 km triangular grid and sensitive to the
shower particles at the ground. The FD has 27 tele-
scopes overlooking the SD, housed in 5 different stations,
recording UV light emitted in the de-excitation of nitro-
gen molecules in the atmosphere after the passage of the
charged particles of a shower. The shower geometry is re-
constructed from the arrival times of the data. The number
of fluorescence photons emitted is proportional to the en-
ergy deposited in the atmosphere by the shower. Using the
shower geometry and correcting for the attenuation of the
light between the shower and the detector, the longitudinal
profile of the shower can be reconstructed. This profile is
fitted to a Gaisser-Hillas function [7] to determine Xmax

and the energy of the shower [8].
We follow the analysis already reported in [6]. We consider
only showers reconstructed using FD data and that have at
least a signal in one of the SD stations measured in coinci-
dence. The geometry for these events is determined with an
angular uncertainty of 0.6◦ [9]. The aerosol content in the
atmosphere is monitored constantly during data taking [10]
and only events for which a reliable measurement of the
aerosol optical depth exists are considered. Also the cloud
content is monitored nightly across the array and periods
with excessive cloud coverage are rejected. Furthermore,
we reject events with a χ2/Ndf greater than 2.5 when the
profile is fitted to a Gaisser-Hillas, as this could indicate the
presence of residual clouds. The total statistical uncertainty
in the reconstruction of Xmax is calculated including the
uncertainties due to the geometry reconstruction and to the
atmospheric conditions. Events with uncertainties above
40 g/cm2 are rejected. We also reject events that have an
angle between the shower and the telescope smaller than
20◦ to account for the difficulties of reconstructing their
geometry and for their high fraction of Cherenkov light. Fi-
nally, in order to reliably determine Xmax we require that
the maximum has been actually observed within the field
of view of the FD. 15979 events pass this quality selection.
Another set of cuts is used to ensure that the data sample is
unbiased with respect to the cosmic ray composition. Since
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Figure 2: 〈Xmax〉 (top panel) and RMS (Xmax) (bottom panel)
as a function of the energy. Data (points) are shown with the
predictions for proton and iron for several hadronic interaction
models. The number of events in each bin is indicated. Systematic
uncertainties are indicated as a band.

we require data from at least one SD station, we place an
energy dependent cut on both the shower zenith angle and
the distance of the SD station to the reconstructed core so
the trigger probability of a single station at these energies
is saturated for both proton and iron primaries.
Finally, requiring that the shower maximum is observed
means that, for some shower geometries, we could intro-
duce a composition dependent bias in our data. This is
avoided using only geometries for which we are able to
observe the full range of theXmax distribution.
At the end 6744 events (42% of those that pass the quality
cuts) remain above 1018 eV. The systematic uncertainty
in the energy reconstruction of the FD events is 22% The
resolution in Xmax is at the level of 20 g/cm2 over the en-
ergy range considered. This resolution is estimated with a
detailed simulation of the detector and cross-checked using
the difference in the reconstructedXmax when one event is
observed by two or more FD stations (Fig. 1).

3 Results and discussion

In Fig. 2 we present the updated results for 〈Xmax〉 and
RMS (Xmax) using 13 bins of ∆ logE = 0.1 below
1019 eV and ∆ logE = 0.2 above. An energy depen-
dent correction ranging from 3.5 g/cm2 (at 1018 eV) to
−0.3 g/cm2 (at 7.2 ·1019 eV, the highest energy event) has
been applied to the data to correct for a small bias observed

The latest Auger results on chemical composition show the tendency for 
a nuclei dominated flux at the highest energies.  

Auger chemical composition 

 Auger collaboration (2011) 
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Figure 1: The resolution ofXmax obtained using events recorded
simultaneously from two FD stations, compared to a detailed
Monte Carlo simulation.

face Detector (SD) has 1660 water detector stations ar-
ranged in a 1.5 km triangular grid and sensitive to the
shower particles at the ground. The FD has 27 tele-
scopes overlooking the SD, housed in 5 different stations,
recording UV light emitted in the de-excitation of nitro-
gen molecules in the atmosphere after the passage of the
charged particles of a shower. The shower geometry is re-
constructed from the arrival times of the data. The number
of fluorescence photons emitted is proportional to the en-
ergy deposited in the atmosphere by the shower. Using the
shower geometry and correcting for the attenuation of the
light between the shower and the detector, the longitudinal
profile of the shower can be reconstructed. This profile is
fitted to a Gaisser-Hillas function [7] to determine Xmax

and the energy of the shower [8].
We follow the analysis already reported in [6]. We consider
only showers reconstructed using FD data and that have at
least a signal in one of the SD stations measured in coinci-
dence. The geometry for these events is determined with an
angular uncertainty of 0.6◦ [9]. The aerosol content in the
atmosphere is monitored constantly during data taking [10]
and only events for which a reliable measurement of the
aerosol optical depth exists are considered. Also the cloud
content is monitored nightly across the array and periods
with excessive cloud coverage are rejected. Furthermore,
we reject events with a χ2/Ndf greater than 2.5 when the
profile is fitted to a Gaisser-Hillas, as this could indicate the
presence of residual clouds. The total statistical uncertainty
in the reconstruction of Xmax is calculated including the
uncertainties due to the geometry reconstruction and to the
atmospheric conditions. Events with uncertainties above
40 g/cm2 are rejected. We also reject events that have an
angle between the shower and the telescope smaller than
20◦ to account for the difficulties of reconstructing their
geometry and for their high fraction of Cherenkov light. Fi-
nally, in order to reliably determine Xmax we require that
the maximum has been actually observed within the field
of view of the FD. 15979 events pass this quality selection.
Another set of cuts is used to ensure that the data sample is
unbiased with respect to the cosmic ray composition. Since
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Figure 2: 〈Xmax〉 (top panel) and RMS (Xmax) (bottom panel)
as a function of the energy. Data (points) are shown with the
predictions for proton and iron for several hadronic interaction
models. The number of events in each bin is indicated. Systematic
uncertainties are indicated as a band.

we require data from at least one SD station, we place an
energy dependent cut on both the shower zenith angle and
the distance of the SD station to the reconstructed core so
the trigger probability of a single station at these energies
is saturated for both proton and iron primaries.
Finally, requiring that the shower maximum is observed
means that, for some shower geometries, we could intro-
duce a composition dependent bias in our data. This is
avoided using only geometries for which we are able to
observe the full range of theXmax distribution.
At the end 6744 events (42% of those that pass the quality
cuts) remain above 1018 eV. The systematic uncertainty
in the energy reconstruction of the FD events is 22% The
resolution in Xmax is at the level of 20 g/cm2 over the en-
ergy range considered. This resolution is estimated with a
detailed simulation of the detector and cross-checked using
the difference in the reconstructedXmax when one event is
observed by two or more FD stations (Fig. 1).

3 Results and discussion

In Fig. 2 we present the updated results for 〈Xmax〉 and
RMS (Xmax) using 13 bins of ∆ logE = 0.1 below
1019 eV and ∆ logE = 0.2 above. An energy depen-
dent correction ranging from 3.5 g/cm2 (at 1018 eV) to
−0.3 g/cm2 (at 7.2 ·1019 eV, the highest energy event) has
been applied to the data to correct for a small bias observed



Mixed Compositions 
Models with an heavy nuclei dominance at 
the highest energies, constructed to fit the 
observations of Auger on flux and chemical 
composition.  
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 RA, Blasi, Berezinsky (2013, in preparation) 

! no correlation with sources 
The µG galactic magnetic field 
substantially deviates particles  
trajectories: 

low injection power law index, hints of pulsars  
as UHECR sources (Blasi, Epstein, Olinto 2000) 

�g = 1.1÷ 1.3! flat injection 

steep injection can be recovered if assuming  
low rigidity cut-off  (RA, Blasi, Berezinsky  
2013, in preparation) 

! steep injection 



Figure 4. Cosmic ray flux measurements by KASCADE-Grande [64], Auger [15] and TA [65]
compared with pulsar model predictions. The total spectrum in solid black sums up extragalactic
(dash) and Galactic (solid) components. The top, middle, and bottom panels correspond to the
Auger-uniform, Auger, and TA cases respectively, as in Fig 1. Pulsar and propagation parameters:
wind acceleration coefficient η = 0.3, Galactic magnetic field coherence length lc = 20pc, magnetic
halo height H = 2kpc.
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 Fang, Kotera, Olinto (2013) 
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Galactic and ExtraGalactic  Auger   

an additional component from galactic pulsars  
fills the gap, evidence of pulsars as UHECR  
sources (Fang, Kotera, Olinto (2013)) 

! galactic pulsars 

scenarios with γ > 2.5 do not produce any gap at the transition, a behavior of the  
transition as in the dip model can be recovered assuming low cut-off rigidities  
(RA, Blasi, Berezinsky (2013) in preparation) 

! scenarios with steep injection 



Data vs Data 
If compared with theoretical models a very puzzling scenario  
emerges from HiRes and Auger data: 

HiRes -TA 

! Protons dominate the UHECR flux 

! Transition Galactic/ExtraGalactic CR at E<1018 eV 

! Steep injection spectra at the sources γg>2.5 

! High maximum energy at the source Emax>1020 eV 

! Correlation with sources (UHECR astronomy is feasible) 

Auger 

! Heavy nuclei dominate the UHECR flux at E>4x1018 eV 

! Transition Gal/Ext at E>1018 eV, need for a new HE Gal component (pulsars) 

! Flat injection spectra at the sources γg<2.0 

! Low maximum energy for protons at the source Emax<1019 eV 

! No correlation with sources (deflections due to galactic magnetic field) 



Neutrinos from UHECR  
Cascade upper limit 

p� ! ⇡± ! ⌫
p� ! ⇡± ! e±
p� ! ⇡0 ! �

CASCADE UPPER LIMIT
V.B. and A.Smirnov 1975

e − m cascade on target photons :

{
γ + γtar → e+ + e−

e + γtar → e′ + γ′

EGRET: ωobs
γ ∼ (2 − 3) × 10−6eV/cm3 .

ωcas >
4π
c

∫ ∞

E

EJν(E)dE >
4π
c

E

∫ ∞

E

Jν(E)dE ≡ 4π
c

EJν(> E)

E2Iν(E) <
c

4π
ωcas.

E−2 − generation spectrum : E2Jνi(E) <
c

12π
ωcas

ln Emax/Emin
, i = νµ + ν̄µ etc.

Fermi-LAT data 
ωcas= 5.8x10-7 eV/cm3 

E2J
⌫

(E)  c

4⇡

!max

cas

ln(E
max

/E
min

)

1

1 + !e

+
e

�
cas

/!⇡

cas

Assuming an E-2 neutrino flux , the  
cascade limit can be expressed in  
terms of the energy densities of  
pions and e+e- pairs initiated cascades  

B
erezinsky, Sm

irnov (1975) 
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FIG. 5: Range of allowed evolution parameters, m and zmax, for extended reference models with fixed Emax = 1× 1021 eV (left
panel) and Emax = 1× 1022 eV (right panel). The cascade energy density ωcas is shown as function of m by the solid lines for
the ankle model (αg = 2.0), and dashed lines for the dip model (αg = 2.6). The numbers on the lines show zmax. The allowed
parameters correspond to part of the curves below ωmax

cas = 5.8× 10−7 eV/cm3 shown by the red horizontal line.

use extreme values for the model parameters. Choosing
the parameters for the model in the lower-right corner
(the curve marked 1022) we try to reach the sensitivity
of JEM-EUSO. Since a soft spectrum increases ωcas, we
choose the hard spectrum with αg = 2.0, while Emax

should be as large as possible. By other words we search
for the extension of the ankle reference model with al-
lowed evolution and large Emax. We choose Emax =
1 × 1022 eV, with zmax = 2 and evolution parameter
m = 3. Normalized to the HiRes data, this model has
ωcas = 3.3×10−7 eV/cm3, i.e. is somewhat below the cas-
cade limit (see also Fig. 5). For such values, the neutrino
flux is marginally detectable by JEM-EUSO.
In the lower-left corner (the curve marked 1020) we aim

to cosmogenic neutrino detection by IceCube. Here we
should increase the low-energy tail of the neutrino flux
and suppress the pair-produced cascade radiation. To
that end, we use αg = 2.0 with strong evolution to en-
hance the flux of low-energy neutrinos. The maximum
acceleration energy can be low, e.g. Emax = 1× 1020 eV.
Moreover, we choose evolution with m = 3.0 and zmax =
6.0, which results in ωcas = 5.5 × 10−7 eV/cm3

≈ ωmax
cas .

As our calculations show, the flux is only marginally de-
tectable by IceCube even for these extreme parameters.
The two models above demonstrate that even for ex-

treme assumptions cosmogenic neutrinos remain unde-
tectable by existing detectors such as Auger, and could
be only marginally observed by IceCube and by future
detectors JEM-EUSO and Auger-North (with sensitivity
to neutrinos 5–6 times higher than Auger-South).
The observation of radio emission from neutrino-

induced air showers provides an effective method for the
detection of low fluxes of cosmogenic neutrinos from the
highest energy part of their spectrum. The upper limit
on UHE cosmogenic neutrino flux from the most restric-
tive experiment of this type, ANITA, is shown in Fig. 3

(Gorham et al. [18]). Recently, several particles with
energies above 1 × 1019 eV have been detected there
[20]. The high energy threshold is a disadvantage of this
method. In the recently proposed ARIANNA detector
[21], the threshold might be lowered to about 1017 eV
while monitoring 900 km2 of Antarctic ice.

A very sensitive instrument for UHE neutrino detec-
tion has been proposed in the project LORD (Lunar Or-
bital Radio Detector) [22], where a detector on a lunar
satellite can observe the neutrino-produced radio-signal
from lunar regolith. The sensitivity of this instrument,
as estimated by the authors of the project, should be suf-
ficient for the measurement of the cosmogenic neutrino
fluxes shown in Fig. 3 by curves 1021.

Before concluding, we would like to compare the re-
sults of this investigation to the ones of Ahlers et al. [23]
that appeared after ours in the arXiv. While the main
goal of our work was to derive an upper limit on the cos-
mogenic neutrino flux, the authors of Ref. [23] aimed at
exploring the allowed parameter space of UHECR mod-
els, notably of those predicting maximal neutrino fluxes.
These authors used as their criterion for the rejection
of UHECR models ωmax

cas = 5.8× 10−7 eV/cm3 from our
calculations, and thus the derived maximally allowed cos-
mogenic neutrino fluxes should coincide. The largest cos-
mogenic neutrino fluxes presented in Fig. 4 of Ref. [23] are
very similar to our fluxes obtained in the extreme mod-
els with strong cosmological evolution (e.g. the curve 1022

in Fig. 3), both exceeding our reference cases (αg = 2.6
and αg = 2.0 without evolution) by an order of mag-
nitude at E ∼ 1018 ÷ 1019 eV. It is noteworthy that a
much stronger cosmological evolution was considered in
the calculations of Ref. [23]. Among other differences, the
authors of Ref. [23] assumed that the IceCube sensitiv-
ity extends up to 1019 eV, while we used Emax = 1017 eV
following Ref. [19].

The cascade upper limit constrains the  
source parameters mainly in terms of  
their allowed cosmological evolution, 
injection power law and maximum  
acceleration energy.  

Berezinsky, Gazizov, Kachelriess, Ostapchenko  (2010) 

!max
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FIG. 2: Fermi-LAT data (black circles) for the EGRB and
UHECR data from HiRes (dots) together with UHE neutrino
(stars) and photon (boxes) fluxes for Emax = 1021 eV, zmax =
2, m = 0 and αg = 2.0 (blue, open) and αg = 2.6 (red, filled
symbols).

is shown for the ankle model with a transition from galac-
tic to extragalactic cosmic rays at 5×1018 eV for the same
values of Emax and zmax. From Fig. 1, one can see that
both models are allowed by the cascade limit.
The MC simulation allows us to test the universality

of the cascade spectrum. If a cascade is initiated by a
photon or an electron of very high energy, the energy
spectrum of the resulting cascade photons depends only
weakly on the energy of the primary particle for a suffi-
ciently large number of cascade steps. This universality is
obviously broken for the primaries injected close enough
to an observer, if the distance is of the order of the ab-
sorption length (see Eq. 2). In Fig. 1 we plot the MC
cascade spectra with αg = 2.6 and αg = 2.0 normalizing
them by the highest energy point of the Fermi spectrum
(red and blue stars in Fig. 1). The comparison of the
three theoretical spectra at energies below the minimal
absorption energy εa shows that the cascade spectrum is
indeed quite universal. The shape of the cascade pho-
ton spectra from the Monte Carlo simulation agrees rea-
sonably well with the one analytically calculated, with a
somewhat harder photon flux obtained with the Monte
Carlo method in the plateau region, J(E) ∝ E−1.95. As
a result, the maximal cascade energy density ωmax

cas ob-
tained using the Monte Carlo simulation is 30% smaller
than in the analytic calculations.
In Fig. 2, we show the obtained UHECR, neutrino and

photon fluxes together with data from HiRes and Fermi-
LAT for the two cases αg = 2.0 (blue) and 2.6 (red). We
use again Emax = 1021 eV, zmax = 2 and normalize the
UHECR results to the HiRes observations. While the dip
model fits the HiRes data with χ2 = 19.5 for d.o.f. = 19,
the ankle model cannot explain the HiRes data below 1×
1019 eV without an additional component. Clearly, the

FIG. 3: Upper limits on the all-flavor UHE neutrino flux
and expected sensitivities [18] together with the cascade limit
(“E−2 cascade”). Also shown are realistic fluxes of cosmo-
genic neutrinos marked by their spectral index αg = 2.6 (dip
model) and αg = 2.0 (ankle model) together with neutrino
fluxes optimized for detection by IceCube and JEM-EUSO
(as described in Section IV), which marked in the Figure by
their respective Emax values in eV (1020 and 1022).

FIG. 4: Photon fluxes from the Monte Carlo simulation for
different magnetic field strengths B = 0.01 and 1 nG with
Emax = 1021 eV, zmax = 2, m = 0 and αg = 2.0.

dip scenario without evolution and with modest values
of Emax and zmax is well compatible with the Fermi data
(see Fig. 1). The ankle scenario with αg = 2.0 has a
lower flux of cascade gamma-radiation and is viable too.

IV. THE CASCADE BOUND ON UHE
NEUTRINOS

This is the most general bound on the UHE neutrino
flux, based only on the production of electromagnetic
cascades, which inevitably accompany the production of
pions responsible for the neutrino flux [7, 10]. It is based

Berezinsky, Gazizov, Kachelriess, Ostapchenko  (2010) 

Fermi-LAT observations constrain cosmogenic 
neutrino fluxes. Detectability only for high  
maximum energies (>1020 eV) and strong  
cosmological evolution of the sources (m>2)  

! EeV neutrinos in the dip model 
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Figure 2: Proton scenario with Emax = 200 EeV for different source evolution models
(SFR1, GRB2 and FRII). The source spectral index is α = 2.4 for the SFR1 and
GRB2 models, while α = 2.2 for the FRII model. Indicated are the propagated
proton spectrum, the resulting (all flavor) neutrino and the photon fluxes. The
photon background measured by Fermi-LAT [10] is indicated, besides the CR spectra
and ν bounds included in fig. 1.

3 Neutrino fluxes from UHECR nuclei

Scenarios in which heavier nuclei make a significant contribution to the UHECR
flux are qualitatively different (see e.g. [28, 29]). Here the photopion production off
the CMB photons only occurs for energies above ∼ AEGZK , where A is the mass
number of the nucleus. On the other hand, photodisintegration processes play an
important role at lower energies. Photodisintegrations are dominated by the giant
dipole resonance (GDR) which, in the nucleus rest frame, has a threshold for photon
energies between a few MeV and 10 MeV (depending on the nucleus), and peaking
at about 20 MeV. The photon energy in the CR rest frame can be expressed as

E ′

γ =
E

Amp

(1−β cos θ)Eγ # 3.8 MeV
(

56

A

)(

E

1020 eV

)

(

1− β cos θ

2

)

Eγ

10−3 eV
, (3)
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Roulet, Sigl, van Vliet, Mollerach  (2013) 

PeV neutrinos can be produced by protons 
photopion interactions on the EBL. Fluxes  
(≈ 10-9 GeV/cms s sr) below the Ice Cube  
detection capabilities.   

! PeV neutrinos in the dip model 

Berezinsky and Blasi  (2012) 

! PeV neutrinos from popIII stars 
•  massive stars (100 Msol) at z ≈ 10 ÷ 15 
•  protons acceleration with γg =2.0 ÷ 2.3 
•  Emax = 1021 eV 
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Figure 4: Mixed composition (p–Fe) scenario with source spectral index α = 2.0
and Emax = 5Z EeV. Indicated are the propagated CR spectrum, the resulting (all
flavor) neutrino fluxes and the separate contributions from p and Fe primaries.

model [27]. The relative source abundances considered are np/nFe = 10 at a given
energy (below the proton cutoff), with power spectrum α = 2.0 and for the GRB2
source evolution model. We see that the enhanced proton contribution below the
ankle helps to reach a larger flux of PeV neutrinos than in the pure Fe case. In
this mixed composition scenario the CR spectrum in the ankle region is similar to
the measured one, but it does not fit well the highest energies. This may however
depend on the precise distribution of nearby sources and on the shape of the source
cutoff adopted.

We note that in scenarios with more than two components, e.g. those in which
the average CR mass gradually increases above the ankle, harder spectra for each
source component are required to fit the observed overall spectrum, and hence this
will tend to reduce the fluxes of PeV neutrinos with respect to those found for the
p-Fe only mixture.

10

10-12

10-11

10-10

10-9

10-8

10-7

10-6

1012 1013 1014 1015 1016 1017 1018 1019 1020 1021

E2  d
Φ

/d
E 

[G
eV

/c
m

2  s
 s

r]

E [eV]

Fe sources, α=2.0, Emax=5200 EeV, GRB2

IC

Auger
Anita

IC40

Auger spectrum
Hires2 spectrum
XGal CRs
neutrinos
anti-νe (n decay)

Figure 3: Extragalactic Fe scenario with source spectral index α = 2.0 and Emax =
5200 EeV. Indicated are the propagated CR spectrum and the resulting (all flavor)
neutrino fluxes, as well as the neutrino background due to n-decays alone.

from free nucleons (see discussion in [15]). Hence, nuclei scenarios give rise to PeV
neutrinos by photopion production of UV/optical/IR photons but at a level which
is not expected to be larger than that achievable in proton scenarios.

To illustrate the predictions from a heavy composition scenario we show in fig. 3
a case corresponding to Fe only sources with a source spectrum α = 2.0 and a
maximum Fe energy of 5200 EeV (corresponding to rigidities R ≡ E/Z < 200 EV,
with Z the charge of the nucleus), following the GRB2 source redshift evolution. We
also show separately the neutrino fluxes arising from the neutron decays, where the
bound from eq. (4) can be seen to hold. The main contribution to the PeV neutrino
fluxes arises from the interactions with UV/optical/IR radiation backgrounds.

We note that the EeV neutrino peak strongly depends on the assumed maximum
Fe energy at the source, and considering lower maximum energies can drastically re-
duce this peak (which essentially disappears for Emax < 1000 EeV, corresponding to
E/A < 20 EeV). This would however not affect in a significant way the expectations
for the PeV neutrinos in these Fe scenarios.

Figure 4 shows instead the results obtained in a scenario having a mixture of p
and Fe and a low energy cutoff (Emax = 5Z EeV), inspired in the ‘disappointing’
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Roulet, Sigl, van Vliet, Mollerach  (2013) 

UHE nuclei suffer photo-pion production 
on CMB only for energies above AEGZK . 
The production of EeV neutrinos strongly  
depends on the nuclei maximum energy. 
UHE neutrino production practically  
disappears in models with maximum nuclei  
acceleration energy Emax< 1021 eV.  

! EeV neutrinos from UHE nuclei 
Roulet, Sigl, van Vliet, Mollerach  (2013) 

! PeV neutrinos from UHE nuclei 
PeV neutrinos produced in the photo-pion  
production process of nuclei on the EBL  
radiation field well below the Ice Cube 
Detection capabilities 

UHECR Disappointing Model 
models with an heavy nuclei composition  
at the highest energies: no correlation with 
sources, no detectable neutrino production.  



Conclusions 

! The experimental observation of the UHECR chemical composition has 
a paramount importance in choosing among different source models. 

 
! Observations of UHECR are still unclear, with different experiments 

claiming different results. A renewed experimental effort is needed in 
order to asses the nature of UHECR. 

 
!  Cosmogenic neutrino production strongly dependent on the UHECR 

chemical composition. Only in protons dominated scenarios a detectable 
flux is expected.    

 
! PeV neutrinos observed by Ice Cube can be of cosmogenic origin only if 

produced by UHE protons from popIII stars.  
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